When a water jet impinges a pool of water at rest, air bubbles may be entrained and carried a distance below the pool's surface. This process is called plunging water jet entrainment and aeration. This paper describes an experimental study of the air entrainment rate of circular nozzles with and without air holes, and in particular, the effect of varying numbers and positions of air holes and distance between the location of the air holes and nozzle exit. A negative pressure occurred due to the air holes on the circular nozzles. This phenomenon affected air entrainment. The differences in air entrainment rate were related to changes in the jet shape. It was demonstrated that the air entrainment rates of the circular nozzles with air holes were significantly higher than those of circular nozzles without air holes.
Introduction
Gas entrainment by plunging liquid jets frequently occurs during pouring and filling containers with liquids. For liquids such as molten glass, molten metals, plastics, cosmetics, paints or food products, it is generally highly undesirable for gas bubbles to be entrained in the liquid phase. Therefore, prevention of gas entrainment in these cases is of interest. In some cases, gas entrainment may be desirable, for example to achieve gas absorption coupled with good mixing in some gas-liquid reactors. In particular, due to favorable energy requirements, jet aerators have potential application in many chemical, fermentation and waste treatment processes. Undoubtedly, in the natural process of self-purification (re-aeration) of rivers, streams, waterfalls and weirs, jets which entrain air and provide good contact and dispersion of air bubbles into the body of water play a significant role (Bin 1993) . Plunging liquid jets also have an interesting application in flotation processes. Evans (1990) studied the confined plunging liquid jet system to determing the range of its applicability in the flotation industry. Since in such a system very fine bubbles can be obtained by the shearing forces generated by the jet plunging into the receiving pool, the system can be applied to improve the recovery of fine material in the flotation process. McKeogh and Ervine (1981) suggested three mechanisms for air entrainment depending on jet turbulence. Laminar jets (Fig. 1A) are relatively smooth and form an oscillating annulus at the plunging point. The annulus typically extends several jet diameters beneath the pool surface. Entrainment occurs when the annulus breaks apart from the jet. When the jet characteristics are in transition between laminar and turbulent (Fig. 1B ) the intermittent vortex mechanism occurs. In this case an indentation of the pool surface appears around the jet periphery. The indentation is caused by a combination of the downward jet flow and the pressure of the air within the boundary layer surrounding the jet. The intermittent vortex indentation does not extend beneath the surface as far as the oscillating annulus, and is not as sharply curved. A free vortex causes an inward radial flow (Fig. 1B inset) . It is difficult to define the exact range of Reynolds numbers within which this type of entrainment occurs since the laminar properties of the jet are not only dependent on the Reynolds number but also on the shape of the nozzle. Finally, McKeogh and Ervine (1981) described a mechanism for jets which have reached full turbulence. As a fully turbulent jet impinges on the pool (Fig. 1C ) the indentation on the surface becomes highly irregular in form because of the rough jet periphery. The intense water surface roughness and the impact point entraps ambient air. Koga (1982) indicated that the intermittent vortex mechanism described by McKeogh and Ervine (1981) is similar in angled water jets. There are, however, some differences between vertical jets operating in the intermittent regime and the acute jets studied by Koga (1982) . Jets impinging at 90°and operating in the intermittent vortex regime have a cylindrically symmetric indentation similar to the indentation observed by Koga (1982) . The indentation is not, however, cylindrically symmetrical at acute angles. In angled water jets, a flow is observed which returned surface bubbles to the plunging point (Fig. 1D) . The cylindrical symmetry no longer exists at acute angles, but there is a similar surface flow. Figure  1D (inset) illustrates the path of surface bubbles for acute jets. The dashed lines outline the region where bubbles surface. The arrows indicate the path taken by surface bubbles approaching the plunging point.
Within the last few years there has been a growing interest in the air entrainment by water jets plunging into pools. A substantial number of research workers have studied air entrainment by plunging water jets. Experimental studies on air entrainment by plunging water jets were carried out by Ahmed (1974) , Smith (1973, 1976) , McKeogh and Ervine (1981) and Sene (1988) . Kusabiraki et al. (1990a,b) studied the effect of nozzles having various values of length-to-diameter ratio on the air entrainment rate (Q A ). These and other related studies were reviewed by Bin (1993) . Evans et al. (1996) measured the change in effective jet diameter as a function of free jet length for vertical water jets passing through air. Recently, Oguz (1998) , Zhu et al. (2000) and Ohl et al. (2000) studied the role of surface disturbances in the entrainment of bubbles by water jets. Yamagiwa et al. (2000) investigated the effect of nozzle contracted angle on Q A of a vertical plunging water jet. Yamagiwa et al. (2001) studied the effects of liquid property on air entrainment of plunging liquid jet. All these researchers have dealt with circular nozzles without air hole and none has studied the effect of the circular nozzles with air holes on air entrainment.
It is well known that a water jet, which after passing through an air layer plunges into a water pool, entrains a significant amount of air and forms a submerged two-phase region of considerable interfacial area. Therefore, aeration occurs between bubble dispersion and the pool water. The more air that is entrained into the pool water, the more aeration occurs. This paper describes an experimental investigation into the values of air entrainment rate, Q A , of the circular nozzles with and without air holes, and especially, the effect of varying numbers and positions of the air holes (i.e., 1, 2, 4, and 8 air holes) and distance between the location of the air holes and the nozzle exit (Fig. 2) .
Experimental Setup
A series of laboratory experiments was carried out to determine air entrainment rate, Q A , in the circular nozzles with and without air holes. The experiments were performed by using an experimental apparatus in the Hydraulic Laboratory at the Engineering Faculty of Firat University, Elazig, Turkey. A schematic representation of the experimental setup, which consists of a water tank, a water pump, a water flowmeter, an air flowmeter, a circular nozzle, a bubble trap, an inlet valve, and a release valve, is shown in Fig. 3 .
In this study, the experiments were carried out in a 1.8-m 3 water tank 1.20 m in height and with a 0.75 x 2.00 m cross-section, with glass walls. The water in the experimental setup was re-circulated by the water pump and the water flowmeter was used to measure water discharge. The nozzles used in the experiments consisted of a cone-shaped contraction part and straight pipe. The nozzles' inside diameters were 10, 15, and 19.5 mm and the nozzles had a length-to-diameter ratio of five. The inside diameter of the feed line was 27 mm.
Since air entrainment by plunging water jets occurs as a localized phenomenon at the plunging point, basically two groups of methods of entrained air flow rate measurements were developed: (1) catching air after it has been entrained into the pool water, and (2) measuring the removal of air from a gaseous space above the pool surface around the plunging point. To the first group, belong experiments with inclined water jets and those in which bubble traps have been used. The second group is used in experiments with vertical water jets. The gaseous space above the pool in the vicinity of the plunging point is, in this case, separated from the ambient, and supplementary air is let into this space through an appropriate flow-rate device (orifice, air flowmeter, anemometer or from volumetric and time readings). Traps or air removal arrangements may interfere with the fluid flow in the pool. However, since the air entrainment phenomenon depends mainly on the flow in the direct neighborhood of the plunging point, an appropriate submergence and geometry of the trap should not greatly affect the amount of entrained air. In this study, a bubble trap with plan-view dimensions of 0.70 x 0.75 m, was used to obtain the values of air entrainment rate using an air flowmeter installed on its surface. Moreover, the values of water jet expansion, J e , were measured with a stainless steel digital caliper. The jet expansions of narrow ellipse jets issued from circular nozzles with one and two air holes were measured in the long axis. 
Experimental Program
The water jet velocity, V j , at the nozzle exit was varied from 2.5 to 15 m/s. The water jet length, L j , from the nozzle outlet to the plunging point of a water jet on the water surface of the tank, was 0.30 m. The angle, θ, between the water jet discharge and the tank surface, was 45°. The air holes (i.e., 1, 2, 4, and 8 air holes) were drilled (2-mm diameter) on the circular nozzles, as illustrated in Fig. 2 . A negative pressure (below atmospheric pressure, i.e., a vacuum) occurred at the air holes. The values of air entrainment rate for the circular nozzles with air holes were studied by varying numbers and positions of air holes (i.e., 1, 2, 4, and 8 air holes) and distance between the location of the air holes and the nozzle exit. Moreover, air entrainment by the circular nozzles without air holes was studied to compare with the circular nozzles having air holes.
A water jet that plunges into a water tank after passing through a gas phase entrains a substantial amount of air into the receiving water, and forms a submerged two-phase region with a considerable interfacial area. Almost all the mass transfer substantially takes place in this two-phase region. Therefore, maximum bubble penetration depth is one of the most important parameters which characterize the performance of water jet aeration systems. In this study, the depth in the water tank was maintained greater than the maximum bubble penetration depth to not affect the bubble flow path.
Results
The values of air entrainment rate, Q A , for the circular nozzles were obtained experimentally depending on water jet velocity, V j , numbers and positions of the air holes, and distance between the location of the air holes and the nozzle exit. In the following sections, variation in free water jet expansion at impact point with water jet velocity, variation in air entrainment rate with water jet expansion, variation in air entrainment rate with water jet velocity, and variation in air entrainment rate with water jet velocity for different distances, x, of the air holes from the nozzle exit were discussed, as shown in Fig. 4, 5, 6 , and 7.
A negative pressure drew air in through holes at circular nozzles. The resulting aeration of the jet affected the shape of the water jet. The shape of the water jet was a narrow ellipse in circular nozzles with one and two air holes, a cross in circular nozzles with four air holes and nearly a circle in circular nozzles with eight air holes. When the air holes were closed, circular nozzles generated circular jets.
Free water jet expansions at impact point, J e , in the circular nozzles with and without air holes were measured as a function of water jet velocity, V j , and the effect of V j on J e is shown in Fig. 4 for the nozzles with inside diameters of 10, 15, and 19.5 mm. J e increased as V j increased in all experiments. The increase in J e with increase in V j may be ascribed to air quantity trapped within the water jet and flow rate of air entering air holes on circular nozzles. It was observed from Fig. 4 that variation in J e was close- The jet expansions of the circular nozzles with one, two, and four air holes were greater than those of the other circumstances (i.e., the circular nozzle with eight air holes and without an air hole), as illustrated in Fig. 4 . It was also observed from Fig. 5 that variation in air entrainment rate was closely related to water jet expansion. Generally, Q A increased with increasing J e . This resulted from not only the increased contacting perimeter in impact point but also the increased jet surface roughness. For all diameters, the jet expansions of the circular nozzles with eight air holes and without an air hole were lower than those of the other circumstances. So, the values of Q A were observed to be lower in the circular nozzles with eight air holes and without an air hole. The values of J e and Q A were the greatest in the circular nozzle with D = 15 mm diameter. The values of J e and Q A in the circular nozzles with D = 10 and 15 mm diameters were found greater than those of the circular nozzle with D = 19.5 mm diameter. For all diameters, the circular nozzles with two and four air holes had greater values of Q A . For the circular nozzles with D = 10 and 15 mm diameters, although the jet expansions of the circular nozzles with one air hole were greater than those of the circular nozzles with two and four air holes, the values of Q A of the circular nozzles with two and four air holes were observed greater than those of the circular nozzles with one air hole. This is due to the differences in the shape of the water jet depending on numbers and positions of the air holes on the circular nozzles. All experiments indicated that numbers and positions of air holes on the circular nozzles were the most important factor influencing air entrainment rate, Q A . It was observed that Q A increased as V j increased in all experiments. The increase in Q A with the increase in V j may be ascribed to the increased momentum of the jet flow. The values of Q A in the circular nozzles with air holes having D = 15 mm diameter was found greater than those of the other circular nozzles with air holes (Fig. 6B) . However, the circular nozzles without air holes were shown to have the lowest values of Q A among all circumstances tested (Fig. 6 ). In addition, it was demonstrated that the Q A values of the circular nozzles with two and four air holes were better than those of the other circumstances and the circular nozzles with two and four air holes were in close agreement with each other, as shown in Fig. 6 . For D = 19.5 mm, the effect of the air holes on Q A was observed to be lower than that of the other diameters and there were slight differences among the values of Q A in all circumstances (Fig.  6C) . At the low velocities (around 2.5 m/s), the effect of the air holes on Q A was not shown in all experiments tested, as illustrated in Fig. 6 . Consequently, the increase in Q A resulted not only from the increased water jet expansion in impact point, but also from the differences in the shape of the water jet depending on numbers and positions of air holes on the circular nozzles. Moreover, the effect of the distance between the location of the air holes (i.e., 1, 2, 4, and 8 air holes) and the nozzle exit on air entrainment rate, Q A , was studied for D = 15 mm. It was shown from Fig. 7A and B that variation in Q A was closely related to distance between the location of the air holes and the nozzle exit, x. In addition, air entrainment by the circular nozzles with air holes was studied for air holes being open in several locations from the nozzle exit, as shown in Fig. 7C and D (i.e., x = 5 and 10 mm; x = 5, 10, and 15 mm; x = 5, 10, 15, and 20 mm; x = 5, 10, 15, 20, and 30 mm) . It was observed that air holes being open in only one location from the nozzle exit had better values of Q A than air holes being open in several locations from the nozzle exit, as illustrated in Fig. 7C and D. The most appropriate distances between the location of the air holes and the nozzle exit were 15 mm for the circular nozzles with two air holes and 5 mm for the circular nozzles with four air holes (Fig. 7) . 
Conclusions
A series of laboratory experiments was carried out to determine the values of air entrainment rate, Q A , of circular nozzles with and without air holes. The following results were obtained:
• It was shown from all experiments tested that numbers and positions of air holes (i.e., 1, 2, 4, and 8 air holes) and distance between the location of the air holes and the nozzle exit were the most important factors influencing air entrainment rate.
• It was observed that variation in air entrainment rate, Q A , was closely related to water jet expansion, J e . Q A increased as J e increased in all experiments.
• The shape of the water jet varied depending on number and positions of air holes on the circular nozzles. This case was also an important parameter influencing air entrainment rate in all experiments tested.
• Air entrainment rate, QA, increased as water jet velocity, Vj, increased in all experiments tested. However, at the low velocities (around 2.5 m/s), the effect of the air holes on air entrainment rate was not shown.
• The present research showed that the circular nozzles with air holes had greater values of air entrainment rate than the circular nozzles without air holes.
• The values of air entrainment rate in the circular nozzle with air holes having D = 15 mm diameter were found to be greater than those of the other circular nozzles with air holes. It was demonstrated that the values of Q A of the circular nozzles with two and four air holes were better than those of the other circumstances and the circular nozzles with two and four air holes were in close agreement with each other.
• For the circular nozzle with D = 19.5 mm diameter, the effect of the air holes was observed lower than that of the other diameters and there were slight differences among the values of air entrainment rate in all circumstances.
• It was shown that variation in air entrainment rate was closely related to distance between the location of the air holes and the nozzle exit. Air holes being open in only one location from the nozzle exit had better values of Q A than air holes being open in several locations from the nozzle exit. The most appropriate distances between the location of the air holes and the nozzle exit were 15 mm for the circular nozzles with two air holes and 5 mm for the circular nozzles with four air holes.
• Since the circular nozzles without air holes had the lowest values of air entrainment rate, the circular nozzles with air holes should be recommended for aeration instead of the circular nozzle without air holes. 
